Models were developed which describe the curing process of composites constructed from continuous fiber-reinforced, thermosetting resin matrix prepreg materials. On the basis of the models, a computer code was developed, which for flat-plate composites cured by a specified cure cycle, provides the temperature distribution, the degree of cure of the resin, the resin viscosity inside the composite, the void sizes, the temperatures and pressures inside voids, and the residual stress distribution after the cure. In addition, the computer code can be used to determine the amount of resin flow out of the composite and the resin content of the composite and the bleeder. Tests were performed measuring the temperature distribution in and the resin flow out of composites constructed from Hercules AS/3501-6 graphite epoxy prepreg tape. The data were compared with results calculated with the computer code for the conditions employed in the tests and good agreement was found between the data and the results of the computer code. A parametric study was also performed to illustrate how the model and the associated computer code can be used to determine the appropriate cure cycle for a given application, which results in a composite that is cured uniformly, has a low void content, and is cured in the shortest amount of time.
INTRODUCTION OMPOSITE PARTS AND STRUCTURES CONSTRUCTED FROM CONTINUOUS
Cfiber reinforced thermosetting resin matrix prepreg materials are manufactured by arranging the uncured fiber resin mixture into the desired shape and then curing the material. The curing process is accomplished by exposing the material to elevated temperatures and pressures for a predetermined length of time. The elevated temperatures applied during the cure provide the heat required for initiating and maintaining the chemical reactions in the resin which cause the desired changes in the molecular structure. The applied pressure provides the force needed to squeeze excess resin out of the material, to consolidate individual plies, and to compress vapor bubbles.
The elevated temperatures and pressures to which the material is subjected are referred to as the cure temperature and the cure pressure. The magnitudes and durations of the temperatures and pressures applied during the curing process (denoted as the cure cycle) significantly affect the performance of the finished product. Therefore [1] [2] [3] . In this paper, first the different models are extended and combined into a comprehensive model which relates the cure cycle to the thermal, chemical, and physical processes occurring in continuous fiber-reinforced composites during cure, and which then can be used to establish the most appropriate cure cycle in any given application. Second, the results of the model are compared to test data to verify the validity of the model. Third, it is shown how the model can be used to establish the cure cycle which results in a part that is cured uniformly, has a low void content, and is cured in the shortest time.
MODEL
In this section, a model is described which yields the The functional relationship in Eq. (6) , along with the value of the heat of reaction HR for the prepreg material under consideration, can be determined experimentally by the procedures described in ref. [4] .
The density Q, specific heat C, heat of reaction HR, and thermal conductivity K depend on the instantaneous, local resin and fiber contents of each ply. The properties Q, C, and HR can be calculated by the rule of mixtures [5] . The thermal conductivity of the prepreg can be calculated by the approximate formula developed by Springer and Tsai [6] .
Solutions to Eqs. (1) and (4)- (6) resin between adjacent plies. In this case, the thickness between different plies vary and change with time, as illustrated in Figure 5 .
Although the resin flow in the normal and parallel directions are related, to facilitate the calculations in the model, the two phenomena are decoupled.
Hence, separate models are described below for the resin flow in directions normal and parallel to the tool plate.
The model developed predicts changes in the dimensions of the composite only due to changes in the resin content. Shrinkage due to changes in the molecular structure of the resin during cure is not considered.
Resin Flow Normal to the Tool Plate Owing to the complex geometry, the equations describing the resin flow through the composite normal to the tool plate (z direction) and into the bleeder cannot be established exactly. Nevertheless, an approximate formulation of the problem is feasible by treating the resin flow through both the composite and bleeder as flow through porous media. Such an approach was proposed by Bartlett [7] for studying resin flow through glass fabric prepreg, and by Loos and Springer [1] [2] [3] for resin flow in continuous fiber prepregs. In the model, inertia forces are considered to be negligible compared to viscous forces. Then, at any instant of time, the resin velocities in the prepreg and in the bleeder may be represented by Darcy's law where S is the apparent permeability, p is the viscosity, and dPldz is the pressure gradient. The law of conservation of mass (together with Eq. 10) gives the following expression for the rate of change of mass M in the composite figuie 5 . Simultaneous resin flow both normal and parallel to the tool plate.
where Qr is the resin density, A z is the cross sectional area perpendicular to the z axis, he is the thickness of the compacted plies, i.e., the thickness of the layer through which resin flow takes place ( Figure 3) . Pu is the pressure at the interface between the composite and the bleeder. The subscript c refers to conditions in the composite at position h~. Accordingly, Pc is the pressure at h~ and is the same as the applied pressure (Pe = Po) [2] .
At any instant of time, the resin flow rate through the composite is equal to the resin flow rate into the bleeder
The temperature, and hence the viscosity, of the resin inside the bleeder is assumed to be independent of position (but not of time). Thus, Eqs. (10) and (12) where h is the thickness of one compacted prepreg ply and ns is the number of compacted prepreg plies. The value of n, varies with time, depending on the amount of resin that has been squeezed out of the composite.
Equations (11)- (18) are the relationships needed for calculating the resin flow normal to the tool plate.
Resin Flow Parallel to the Tool Plate
In principle, in the plane of the composite, resin may flow along the fibers and in the direction perpendicular to the fibers. In practice, resin flow perpendicular to the fibers is small because of a) the resistance created by the fibers and b) the restraints placed around the edges of the composite. If such restraints were not provided, fiber spreading (&dquo;wash out&dquo;) would occur, resulting in a non-uniform distribution of fibers in the composite. Therefore, in this section, only resin flow along the fibers is considered.
It is assumed that resin flow along the fibers and parallel to the tool plate can be characterized as viscous flow between two parallel plates separated by a distance dn (&dquo;channel flow,&dquo; Figure 6 ). The distance, dn, separating the plates is small compared to the thickness of the composite (dn < L). The variation in resin properties across and along the channel are Figure 6 . Geometry of the resin flow model parallel to the tool plate.
taken to be constant. The pressure drop between the center of any given channel and the channel exit (PH ~-PL, Figure 6 ) can then be expressed as [8] where ( VX)n is the average resin velocity in the channel, XL is the channel length. The subscript n refers to the channel located between the n and n-I prepreg plies (i.e., beneath the fiber bundles of prepreg ply n). The thickness of nth channel is calculated by assuming that a) there is one channel per ply and b) all the excess resin is contained in the channel. Accordingly, the thickness of the channel is given by the following expression :
The mass Mn and density Qn of prepreg ply n can be calculated by the rule of mixtures [5] 
Stress Model
For a symmetric laminate, the residual stress in any given ply is [ 11 ] Qy is the modulus as defined by Tsai and Hahn [ 11 ] . Tables 1 and 2 be specified. The parameters pertaining to the geometry, along with the initial and boundary conditions are specified by the user of the prepreg. The properties of the prepreg, the fiber, the resin, and the bleeder cloth are either specified by the manufacturer or can often be found in the published literature. Items (11) through (14) in Table 1 and item 8 in Table 2 are generally unknown. In the following, a brief description is given of the methods which can be used to determine these parameters.
The compacted prepreg ply thickness and the compacted prepreg ply resin content can be determined by constructing a thin (4 to 16 ply) composite panel. The panel is cured employing a cure cycle that will ensure that all the excess resin is squeezed out of every ply in the composite (i.e., all plies are consolidated ns = N). The total mass of the composite M is measured after cure. The resin content of one compacted prepreg ply (M~)com is related to the composite mass by the expression Mf is the fiber mass of one prepreg ply, and N is the total number of plies in the composite. The compacted prepreg ply thickness h, is where Qcom is compacted ply density which can be derived from the rule of mixtures [5] .
The apparent permeability of the prepreg normal to the fibers S, can be determined by curing a thin (4 to 8 ply) composite specimen for a predetermined length of time. During the cure, the resin squeezed out through the Figure 8 . Figure 15 . The cure pressure and the bleeder pressure were constant at 586 kPa (85 psi) and 101 kPa ( 14. 7 Figure 15 Figure 15 . The cure and bleeder pressures were constant at 58i6 kPa (85 psi) and 101 kPa ( 14. 7 psi) respectively. The initial resin content was 42%. Figure 11 . The mass loss, normal to the tool plate (bottom), parallel to the tool plate (center), and the total mass loss (top) as a function of time for a 64-ply composite. Comparisons between the data and the results computed by the model for different initial resin contents (39% and 42%). The temperature cure cycle is shown in Figure 15 . The cure and bleeder pressures were constant at 586 kPa (85 psi) and 101 kPa (14.7 psi) respectively.
SELECTION OF THE CURE CYCLE
The models presented in this paper can be used to establish the proper cure cycle in a given application. The cure cycle should be selected in such a way that the following requirements are satisfied: a) the temperature at any position inside the material does not exceed a prescribed limit during the cure; b) the magnitude of the cure pressure is sufficiently high so that all of the excess resin is squeezed out from every ply of the composite before the resin gels at any point inside the composite; c) the pressure is applied before the viscosity of the resin, in the prepreg ply adjacent to the bleeder, becomes low enough to flow; d) the resin is cured uniformly and the degree of cure is above a specified limit throughout the composite at the end of cure; e) the cured composite has a low void content; and f) the composite is cured in the shortest time. The models and the corresponding computer code were used to generate results which illustrate the effects of cure temperature and cure pressure on the curing process for a given material. The calculations were performed for composite made of Hercules AS/3501-6 prepreg tape, bounded by the tool plate on one side and by the bleeder on the other side. The properties used in the calculations are given in Table 3 . In the calculations, only resin flow in the The calculations were performed with the cure cycles shown in Figure 12 .
The cure temperature was increased at a constant heating rate To from room temperature until the maximum cure temperature 7~. was reached. For all calculations, it was assumed that the temperature on the upper and lower surfaces of the composite was equal to the applied cure temperature.
The cure pressure and the bleeder pressure used in the calculations are also shown in Figure 12 The pressure in the bleeder was taken to be constant in 16.7 kPa (25 &dquo; Hg vacuum). This value is typical of the bleeder pressure in commercial composite processing using vacuum bagging procedures.
Calculations were also performed with the cure cycle recommended by the prepreg manufacturer for Hercules AS/3501-6 prepreg tape. This cycle is shown in Figure 13 .
Maximum Temperature Inside the Composite
The maximum temperature reached inside a composite constructed from a given prepreg material depends on: a) the maximum value of the cure temperature 7max< b) the heating rate To (i.e., the rate at which the cure temperature increases), and c) the thickness of the composite L,. Obviously, the temperature inside the composite will at some time reach the maximum cure temperature. Therefore, the cure temperature must not exceed the maximum temperature limit T* prescribed for the prepreg. In the present parametric study, this limit was chosen arbitrarily to be 180 °C.
The temperature inside the composite also depends on the heating rate and Figure 12 . Illustration of the cure cycle used in the parametric study. the thickness of the composite. At low heating rates, the temperature distribution inside the composite tends to remain uniform, as illustrated in Figure 14a . The results in this figure apply to a 64-ply composite with the cure temperature of 177 °C at 2.8 °C/min. When the heating rate was increased to 27.8 °C/min, the temperature distribution became nonuniform, as shown in Figure 14b . However, at no time does the temperature at any place inside the composite exceed the maximum allowed temperature T&dquo;. On the other hand, when a 128-ply composite was cured using the same heating rate (27.8 °C/min), the temperature inside the material exceeded both the boundary temperature and the maximum allowed temperature limit (Figure 14c ). The temperature nonuniformity inside the material depends on the rate at which heat is transported through the composite and the rate at which heat is generated by chemical reactions. The temperature &dquo;overshoot&dquo; shown in Figure 14c occurs when heat is generated in the composite faster than it can be dissipated.
With the use of the computer code, results such as those in Figure 14 can be generated for a composite constructed from a given prepreg material and cured with a specified cure cycle. From these results, the temperature distribution inside the material can be established. This information can then be used to determine if the temperature distribution is uniform and if the local temperature at any point in the composite exceeds the maximum allowed temperature at any time.
Resin Flow
The pressure applied during the cure must be sufficiently high so that the excess resin is squeezed out of every ply of the composite before the resin in any ply gels. The magnitude of pressure applied when curing a given material depends on the composite thickness and, to a lesser extent, on the cure temperature and heating rate. This is illustrated in Figure 15 , where the number of compacted plies ns is plotted as a function of time. Figure 15 were generated by the computer code for different composite thicknesses (16, Figure 17 . The time required to squeeze the excess resin out of every ply in Calculations were also performed for the cure cycle recommended by the manufacturer for processing composites made of Hercules AS/3501-6 prepreg ( Figure 13 ). The number of compacted plies ns as a function of time is plotted in Figure 18 . The results show that if the manufacturer's cure cycle is used, excess resin could be squeezed out from only a 23-ply composite before the gel point is reached. If composites thicker than 23 plies are cured with the manufacturer's recommended cure cycle, then there would be resin rich plies adjacent to the tool plate at the end of cure. There is experimental evidence that the manufacturer's recommended cure cycle may not be appropriate when curing thick composites. Meade [13] presented microphotographs of a 96-ply composite, constructed from Narmco T300/5208 unidirectional Figure 19 . Such a plot can serve as a guide in selecting the pressure which is sufficient to squeeze the excess resin out of every ply of a given composite.
Gel Point
As discussed previously, excess resin must be squeezed out of every ply before the gel point of the resin is reached at any point inside the composite. The computer code can be used to calculate the viscosity distribution inside the composite as a function of time (Figure 20) . From this information, the maximum viscosity at any point inside the composite at any time can be determined and a plot of the maximum viscosity pmax versus time can be constructed ( Figure 21 ). The gel point of the resin studied here is assumed to occur when the viscosity of the resin reaches 100 Pa.s [14, 15] . Thus, by knowing the viscosity corresponding to the gel point, the time when gel occurs can be determined from the maximum viscosity jamax versus time curve, as shown in Figure 21 ) indicates that the resin would begin to gel in the composite 70 minutes after the cure temperature is first applied.
Time of Pressure Application
The cure pressure should be applied before the viscosity of the resin in the first ply next to the bleeder becomes sufficiently low for resin flow to occur. This is the latest time at which the pressure should be applied. This time, referred to as the time of pressure application tp can be determined from a plot of the number of compacted plies ns versus time, t. The intersection of the ns versus time curve with the time axis is taken to be time of pressure application (Figure 22) .
The time of pressure application depends on the magnitude of the applied pressure and on the heating rate, as illustrated in Figure 22 . The pressure may be applied, of course, at times which are less than tp, but should not be applied at times greater than tp. It Figure 23 . From this curve, the lowest value of the degree of cure amm in the composite at each time is determined and a plot of the lowest value of the degree of cure as a function of time can be constructed (Figure 24 ). The cure is considered complete when amm reaches the specified value a'. Thus, from a plot such as that shown in Figure 25 , the time required to complete the curing process can be determined.
The cure time tc depends greatly on the applied cure temperature and on the heating rate, as illustrated in Figure 25 . The results in these figures are based on the assumption that cure is complete when a degree of cure of 0.9 is Figure 24 . Illustration of the mmimum value of the degree of cure, °mlfY inside the composite as a function of time. The cure is considered complete when the degree of cure reaches a specified value, a*, at every point in the composite. Figure 26 . Results such as those shown in It is interesting to note that a 32-ply composite cured with the manufacturers recommended cure cycle requires a cure time of 146 minutes ( Figure  27 ). Thus, use of the 177 °C cure cycle with a heating rate of 2.8 °C/min (Figure 25a ) would result in a 57 minute (37%) savings in cure time. These results show that significant savings in cure time might be achieved by careful selection of the cure cycle.
Void Model
The void model requires that both the location and the initial size of the void be known. This information is generally unavailable, because the formation of the void nuclei is a random process. Nevertheless, the model can still be used in selecting a cure cycle which results in low void content. It has been observed that the void content is reduced significantly when a pressure is applied to the prepreg which is sufficiently high to collapse the vapor bubble [16] . Thus, the vapor bubbles can be collapsed by applying a pressure (just before the gel point is reached, t < tge~ which is equal to or higher than the saturation pressure (corresponding to the local temperature) inside the void. The thermo-chemical and resin flow models provide the temperature and the gel time. The appropriate thermodynamic relationship between the temperature and the saturation pressure yields the required pressure. Such a relationship for water vapor is incorporated in the CURE computer code.
SUMMARY
The following major tasks were completed during the course of this investigation 
